Abstract: In this study, we investigated how the temporal envelopes contribute to the recognition of isolated syllables, words, and sentences in noise-vocoded speech, under comparison with the influence of spectral resolution. The spectral and temporal resolutions of speech materials were systematically manipulated by a noise-vocoding technique. Japanese monomoraic syllables, meaningful and meaningless words, and sentences were used as test speech materials. The original speech sound was spectrally separated by a filter bank, and each spectral band was replaced with band noise, preserving its original temporal envelope. Spectral resolution was controlled by varying the number of spectral bands as 4, 8, or 16 bands. Temporal resolution was altered by smoothing the amplitude envelope using a low-pass filter with cut-off frequencies at 4, 8, or 16 Hz. Results demonstrated an increased dependence on temporal resolution in comparison with spectral resolution for the recognition of speech materials at higher structural levels (i.e., monosyllables, words, and sentences). This increased temporal dependence suggests that the temporal envelope in noise-vocoded sentences contained a greater amount of suprasegmental information, such as coarticulations, prosodies, and rhythms, in the original speech sound.
INTRODUCTION
A speech sound signal has a complex acoustic waveform with spectral and temporal modulations. The amplitude envelope, or the temporal envelope in contrast to the spectral envelope, of a speech signal can convey a variety of speech cues. Rosen [1] pointed out that the ''envelope cues'' exist at a certain fluctuation rate (i.e., temporal modulation frequency) ranging over 2-50 Hz in the temporal envelope. Envelope cues include acoustic aspects of phonetic segments, such as duration and rise-fall time, that can convey consonant manner and voicing information, vowel duration information, and prosodic information concerning syllabification and stress accents. Temporal modulation frequencies at 16 Hz or below are particularly critical for the intelligibility of spoken sentences [2] [3] [4] [5] . In the past two decades, many experimental studies on speech perception have contributed to elucidating the importance of temporal envelope cues for speech perception [1] [2] [3] [4] [6] [7] [8] [9] [10] [11] .
It has been reported that almost perfect speech recognition was achieved under severe reduction of spectral resolution while preserving temporal envelopes in a variety of languages, i.e., English, Chinese, and Japanese [8, [10] [11] [12] . In these studies, synthesized speech sounds made from band-passed noises and temporal envelopes of original speech, known as 'noise-vocoded speech' (NVS), were used. The results showed that the presentation of a dynamic temporal pattern in only four broad spectral regions was sufficient to allow the recognition of spoken sentences, suggesting the importance of temporal envelope information. The noise-vocoding process destroys the temporal fine structure that is a major contribution to pitch perception. However, prosodic information, particularly tone, accent and intonation, has been successfully recognized in NVS [10] [11] [12] , suggesting that the temporal envelope contributes to the perception of suprasegmental cues. This could be partly explained by a tight association between voice fundamental frequency and its intensity in vocal production as well as in perception.
The intelligibility of the NVS stimuli to a listener with normal hearing is particularly relevant in daily listening for cochlear implant users, for whom spectral resolution is highly limited owing to the limited number of electrodes [9, [13] [14] [15] . Thus, experimental studies on NVS perception in normal listeners will provide basic knowledge for improving signal-processing strategies in auditory prostheses such as hearing aids and cochlear implants.
In this study, we sought to assess how temporal envelope cues affect speech intelligibility at the various hierarchical levels of linguistic structure (i.e., syllable, word, and sentence) by comparing them with the influence of spectral cues under the NVS listening condition. The systematic manipulation of spectral and temporal resolutions provides a tool for the investigation of the relative contribution of temporal cues and spectral cues. Previously, Xu et al. [16] investigated the relative contributions of the spectral and temporal resolutions to the perception of various monosyllables in English. They systematically manipulated the spectro-temporal resolution of speech sounds by a signal-processing method based on the noisevocoding technique. Their results demonstrated that consonant perception depended on both spectral and temporal resolutions, whereas vowel perception was more greatly influenced by spectral resolution. This finding could be explained by the transient nature of consonant sounds and the stable temporal pattern of vowel sounds. Their study focused only on monosyllable perception, and thus their ability to generalize their findings to higher levels of the hierarchy of linguistic structure, for example, words and sentences, was limited. Temporal envelope cues differently contribute to speech intelligibility at different levels of the hierarchy [1] , suggesting that the recognitions of syllable, word, and sentence in NVS may have different degrees of dependence on temporal resolution. More types of envelope cues related to suprasegmental cues, for example, coarticulations, accents, and intonations, would be available for the recognition of sentences than in the case of syllables. However, no study has directly compared the spectro-temporal factors between different hierarchical levels of the hierarchy of linguistic structure during NVS listening.
On the other hand, several groups have investigated the influence of spectral resolution on speech perception under both conditions of with and without fine structure. The results from these studies have consistently demonstrated that four spectral bands between 0 to $6 kHz are sufficient to recognize spoken sentences while preserving temporal accuracy across these bands [8, 17, 18] , irrespective of the presence of the fine structure of original speech. These findings are consistent with an observation that low spectral modulation rates, <1 cycles/kHz of the spectral envelope, are critical for spoken sentence recognition [5] . Almost perfect sentence recognition even with few spectral bands may be related to the fact that the original speech signal in most languages commonly contains low components of the spectro-temporal modulation [19] [20] [21] [22] , implying common constraints in the control dynamics of human articulatory organs. Although one can reasonably assume that spectral resolution contributes to providing segmental cues, testing that assumption requires a direct comparison between the influences of spectral and temporal resolutions at different levels of the hierarchy of linguistic structure.
It is possible to assume that the relative contributions of spectral and temporal resolutions to word and/or sentence listening are different from those to syllable listening observed by Xu et al. [16] . The temporal cues corresponding to suprasegmental information in speech, such as coarticulation, accent, and intonation, may modulate the perceptual dependence on spectro-temporal resolution in word and sentence listening. Some temporal suprasegmental cues may support the top-down cognitive processes that complement the bottom-up perception based on the linguistic context information (e.g., semantic or syntactic knowledge) [23, 24] during sentence listening. Thus, in this study, we tested the extent to which the spectral and temporal resolution contributes to NVS intelligibility at different levels of the hierarchy of the linguistic structure of speech (i.e., syllable, word, and sentence), to elucidate how the temporal envelope contributes to speech perception.
MATERIALS AND METHODS

Participants
Fourteen native Japanese speakers participated in this study. Eight of them (four males and four females, 18-20 years old) participated in a sentence-listening test. The remaining six participants (three males and three females, 18-22 years old) took part in syllable-and word-listening tests. The participants who performed the sentence test did not take part in the syllable and word tests. Their pure-tone hearing levels of both ears were normal (<20 dB hearing level for octave frequencies between 250 and 8,000 Hz). Each participant submitted written informed consent before participating in the experiment.
Sentence Materials
Short Japanese sentences that consisted of 13-16 morae were chosen from a drill book for articulation training (Kyodo Isho Shuppan Co., ISBN: 4-7639-3010-9, 1995). These sentences contained 2-4 clauses (mean 3.5). In total, 120 sentences were collected for the listening test, and 90 of these were randomly chosen for each participant. These sentences were spoken by a single female speaker and were digitally recorded in a soundproof booth. Lowfrequency components up to 60 Hz (below voice funda-mental frequencies) were reduced by 60 dB after recording. The duration of each sentence was 2-2.5 seconds.
Word Materials
Meaningful and meaningless words were extracted from a speech sound database of the familiarity-controlled Japanese word list ''FW03'' [25] . In the list, words were classified into four categories on the basis of their familiarity. Each familiarity category contained 20 sets of 50 words that were phonetically balanced. These words consisted of four morae with an accent pattern of LHHH (types 0 and 4). All words in the list were real Japanese words, and words in the highest familiarity category were those frequently used in daily life (meaningful). Words classified as the lowest familiarity were almost nonsense (meaningless). For our experiment, nine sets (450 words) spoken by one female speaker 'FTO' were chosen for each of the two conditions: meaningful (highest familiarity in FW03) and meaningless (lowest familiarity) conditions.
Monosyllable Materials
A set of 62 monosyllables was used for the syllable listening test (see Appendix). These monosyllables were selected from among 100 Japanese monomoraic syllables to reduce the size of the set. The selection of monosyllables was based on a descending order of occurrence rates in the words and sentences used in listening tests. Special morae, /N/, /Q/, and /R/, were excluded from the selection process. The set covered 95.4% of all monosyllables within test words, and 91.8% of those in test sentences.
Signal Processing
The spectral and temporal resolutions of speech sounds were systematically manipulated by a noise-vocoding and envelope-smoothing technique [8, 11, 16] , as schematically shown in Fig. 1 . An original speech signal was divided into several spectral bands using a filter bank. The overall spectral component of each speech sound was limited to under 4 kHz. The number of spectral bands was varied between four, eight, or sixteen bands, with the boundary frequencies shown in Table 1 . The boundaries under the four-band condition were 600, 1,500, and 2,100 Hz, which were selected to be the same as the boundaries used by Riquimaroux [11] . Under the other conditions, each of the four bands was equally divided linearly. Temporal envelopes were extracted from each spectral band by half-wave rectification and low-pass filtering (envelope filter). To change the smoothness of the temporal envelope, the cutoff frequency of the envelope filter was varied among 4, 8, or 16 Hz. The temporal envelopes were then multiplied by band-passed noises that were spectrally divided at the same frequency boundaries as used for the speech signal. The root-mean-square levels of these modulated noises were set to be equal to those of the original speech bands before being summed. These manipulations enabled us to vary the spectral and temporal resolutions independently (Fig. 2) . Finally, we obtained nine resolution conditions (a combination of three spectral and three envelope conditions).
The filter bank consisted of 1,024-order FIR filters designed by the window method using the Hamming window (passband ripple: <0:02 dB; stopband attenuation: À53 dB; transition bandwidth: $20 Hz). All cut-off fre- quencies were defined at the À6 dB gain point. As the envelope filter, we used a Gaussian filter whose frequency response was mathematically defined with the following expression: Fð!Þ ¼ ð=aÞ 1=2 Á expðÀ! 2 =4aÞ, where a was 228.6, 914.4, or 3,657.7, corresponding to cut-off frequencies of 4, 8, or 16 Hz, respectively. The cut-off frequencies were defined at À6-dB gain. The length of the impulse response was fixed at 4096 for all cut-off conditions. The envelope filter was designed to have an impulse response with a Gaussian shape and its peak was located at the halfpoint of the total length of impulse response, to avoid the appearance of unexpected ripples around rapid change in the speech signal (e.g., the onset of stop consonants). Therefore, the extracted envelope did not have negative values or ripples that were unrelated to the original speech envelope (this issue was partly discussed by Drullman et al. [2] ). All stimuli were processed at a sampling rate of 8 k samples/s with 16 bit resolution.
Procedure
We conducted three types of listening tests: sentence, word, and syllable tests. In the sentence test, 10 trials were performed for each of the nine resolution conditions (total 90 trials) per participant. In each trial, the participant listened to a sentence three times and wrote down the perceived content on an answer sheet. No feedback was given as to whether the answer was correct. The same sentence was not presented in different trials for any single participant. The 90 sentences were randomly assigned with different resolution conditions for each participant. In the word test, both meaningful and meaningless words were presented together in one test. The participant completed 50 trials each of meaningful and meaningless words under each resolution condition (total of 900 trials). We did not present the same word in different trials for any single participant. Different word sets were assigned with different resolution conditions. Assignments of word set to condition were not duplicated across listeners. In the syllable test, a set of 62 monosyllables was used under each of nine resolution conditions (total of 558 trials). Trials in all types of test were arranged in block-randomized order, with all resolution conditions appearing equally frequently throughout the test.
Before the listening tests, participants participated in a practice session to familiarize them with the processed sounds. Those who performed the sentence test underwent a sentence practice session in which they repeatedly listened to NVS sentences under the 4-band 16-Hz condition three times and wrote down the sentence that they had just heard. They were then visually presented with the correct sentence. Afterwards, they listened to the same stimulus three times again to associate the visually presented answer with the sound. Overall, 60 trials of novel sentences were performed in each sentence-practice session. Participants who participated in the word and syllable tests were trained with 288 trials presenting novel meaningful and meaningless words under all of the nine resolution conditions in the same manner as in the sentence practice session.
The practice and test sessions were carried out in a soundproof chamber (Science Cabin, SC-2 type). All sound stimuli were diotically presented to both ears via headphones (STAX, Lambda Nova) at comfortable levels, which were individually adjusted between 65 and 70 dB sound pressure levels. The procedure for all sessions was controlled by the GUI-based MATLAB program on a PC.
Data Analysis
The listening intelligibility under each condition was calculated as the rate of correctly perceived morae. Then, contour plots of the correct mora rates were depicted as functions of the number of spectral bands and the cut-off frequency of the envelope filter to visualize the spectrotemporal dependence of NVS recognition of each material type. The contour lines were calculated by linear interpolation between data points using the 'contourf.m' program in MATLAB software (ver.6.5; The MathWorks, Inc.). The derived contour plot was linearly approximated by fitting a two-variable sigmoid (2D sigmoid) function to evaluate the relative contributions of spectral and temporal resolution. The 2D sigmoid was mathematically defined as follows:
where x is the number of spectral bands and y is the cut-off frequency of the envelope filter; is a center-translation parameter of the sigmoid, and w x and w y are weighting coefficients representing the relative influences of spectral and temporal resolution, respectively. The 2-D sigmoid fitting was originally developed by Hirai et al. to investigate trade-off relationships between two speech cues on a discrimination threshold plane [26] . A rotation angle () of the fitted sigmoid on the spectro-temporal plane was calculated as the arc tangent of the w y -to-w x ratio: ¼ tan À1 ðw y =w x Þ. The angle becomes perpendicular ( ¼ =2) on the spectro-temporal plane when the temporal condition had no effect; in contrast, it became horizontal ( ¼ ) when the spectral condition did not affect speech intelligibility. Then, we defined a temporal dependence index (TDI) as a normalized form of the rotation angle ranging from 0 to 1: TDI ¼ 2= À 1.
RESULTS
The mean sentence test scores of eight participants as a function of low-pass cut-off frequency with different numbers of spectral bands as parameters are shown in Fig. 3(a) . Almost perfect recognition (98.5%) was observed under the 16-band 16-Hz condition. Increasing the cut-off frequency from 4 to 8 Hz improved the correct rate under all of the spectral conditions, although the increases from 8 to 16 Hz were relatively small. Participants performed at an 80% or higher correct rate at the 8 Hz cut-off frequency, irrespective of the spectral condition. Mean scores on the word and monosyllable tests from six participants are also plotted in Figs. 3(b)-3(d) . With regard to the scores, the correct mora rate of meaningful words was greater than that of meaningless words, and the rate of syllables was less than those of words. Increases in both spectral and temporal resolutions appeared to improve the perception of words and syllables. A repeated two-way ANOVA was performed on the data of the meaningful words, meaningless words, and syllables. In all cases, the main effects of the spectral and temporal conditions were found (p The linearly interpolated contour plots of the percent correct mora rates obtained as a group mean are shown in Figs. 3(e)-3(h) . These contours were plotted as twovariable functions of the spectral and temporal conditions. The performance for sentence perception appeared to be more dependent on temporal resolution than were word and monosyllable perception. Also, temporal resolution tended to have a stronger influence on word performance than on monosyllables. The relative influence of spectral and temporal conditions on listening performance did not differ between meaningful and meaningless words, whereas the listening performance for meaningful words was greater than that for meaningless words.
The 2D-sigmoid fitting (Fig. 4(a) ) revealed that the rotation angles () on the spectro-temporal plane varied among different types of speech materials (Fig. 4(b) ). The rotated straight lines in Fig. 4(b) show the rotation angles of 2D-sigmoids fitted to the contour plots of groupaveraged data (Figs. 3(e)-3(h) ). The rotation angle of sentence intelligibility is almost horizontal, indicating greater dependence on temporal resolution, although that of monomoraic perception is diagonal, suggesting a greater influence of spectral resolution. Fitting results of the word test showed an intermediate angle between the results of the sentence and monosyllable tests. The meaningfulness of words did not produce a marked difference. Root-meansquare fitting errors were 2.68, 4.13, 3.31, and 1.19 for sentences, meaningful words, meaningless words, and syllables, respectively. These error sizes were less than the individual variability of listening performance (average standard deviations were 6.82, 3.82, 3.46, and 5.79, respectively), suggesting that fitting errors were within reasonable ranges.
The relative contributions of spectral and temporal resolutions were also confirmed by the temporal dependence index (TDI; Fig. 4(c) ). We carried out a statistical test on TDI using the general linear model [27] , taking into account random effects from interparticipant variability associated with the repeated measurement in the word and syllable tests. Multiple two-sample t tests on TDI showed significant differences between the sentence-word, sentence-syllable, and word-syllable conditions (p < 0:01, Bonferroni corrected) but not between meaningful and meaningless words.
In the present experiment, the word and sentence materials were not fully counterbalanced among the resolution conditions because the number of participants was insufficient to cover all nine conditions. To determine whether any bias effects of sentence and word sets on test performances should be taken into account, or whether they were small enough to ignore, we conducted a post hoc analysis as follows. First, we estimated the bias of individual sentences, and that of each word set, using the listening-test results in the general linear model. Independent variables representing identification numbers of sentences or word sets, spectral resolution, temporal resolution, and participant ID were included into a design matrix of the general linear model as dummy variables. All effects were estimated by the least-squares method. Next, we reassigned the estimated biases to the resolution conditions in the same way as in the listening experiments, and then, averaged them within each condition. The bias effects that survived from the averaging remained very small relative to the effects of resolution factors. Maximum differences among the averaged biases were 5.29, 1.97, and 0.94 points for sentences, and meaningful and meaningless words, respectively. Standard deviations of these biases were only 1.49, 0.65, and 0.31 points for the respective tests.
DISCUSSION
The results clearly demonstrate that the relative contributions of spectral and temporal resolutions to NVS recognition varied with the hierarchy of linguistic structure of the speech material. Temporal resolution became more important in higher levels of the hierarchy: monosyllables, words, and sentences. A refinement of temporal resolution improved the percentage of correct mora rates at a maximum of about 16, 32, and 38 points for the monosyllable, word, and sentence tests, respectively (Figs. 3(a)-3(d) ). On the other hand, the variation of spectral resolution produced a difference of about 19, 18, and 10 points in the percent correct rate in the respective tests. The statistical test on TDI revealed that the recognition rate was more sensitive to temporal resolution and more insensitive to spectral resolution at higher hierarchical levels.
Nearly perfect sentence recognition even under severe reduction of spectral resolution was observed when the slowly varying components up to a 16 Hz temporal envelope were preserved ( Fig. 3(a) ). An increment of spectral resolution from 4 to 16 bands did not greatly improve the sentence intelligibility (up to 20 points). This suggests that NVS with at least four spectral bands was sufficient to support the recognition of sentence materials, consistent with the results of previous studies in multiple languages [8, 10, 11] . The similar finding that four spectral bands were sufficient to recognize spoken sentences has been reported even when the fine structure of the original speech was presented [17, 18] . In contrast, the resolution of the temporal envelope was a critical factor in NVS sentence recognition. Resolution improvement from 4 to 8 Hz produced a larger difference in sentence recognition than that from 8 to 16 Hz, implying a greater importance of modulation components between 4 and 8 Hz. In the word test, increasing spectral resolution had a greater influence between the 4-and 8-band conditions than between the 8-and 16-band conditions, irrespective of word meaningfulness (Figs. 3(b) and 3(c) ). This is consistent with results of a study on NVS word identification using English monosyllabic words [28] . Our syllable test revealed that correct rates of NVS monosyllable perception depended on both spectral and temporal resolutions (Figs. 3(d) and 3(h) ), similar to the results previously reported for English [16] and for Chinese [12] .
The difference in the correct rate between meaningful and meaningless words can be explained by the participants' lexical knowledge. Under degraded listening conditions, in general, recognition performance is higher for familiar, meaningful words than for unfamiliar, meaningless ones because of easier access to the mental lexicon during restoration of missing parts [23, 24, 29] . In the current study, the relative contributions of spectral and temporal resolutions were not greatly affected by the meaningfulness of the words, suggesting the influence of lexical factors on the identification of meaningful and meaningless words.
The higher dependence on temporal resolution of NVS recognition at higher hierarchical levels may reflect an increase in temporal envelope cues corresponding to suprasegmental information, such as coarticulation, rhythm, accent, and/or intonation. Much more suprasegmental information would be available in sentences than in words and syllables via the temporal envelope [1] . Although NVS stimuli do not have the fine structure of original speech sounds, we can partially perceive the prosodic information in NVS, probably owing to the tight associations of fundamental frequency with intensity in vocal production [10] [11] [12] . The modulation spectrum of the amplitude envelope in ordinary speech ranges from 2 to 16 Hz, with a peak at around 4 Hz in both English and Japanese [19, 20] . Such temporal properties appear to reflect fundamental constraints imposed by articulatory and perceptual mechanisms common to all languages [20] . These regions in the modulation spectrum would correspond to suprasegmental information [1] . Thus, in restoring degraded phonological elements, it may be helpful for the temporal envelope to have a high enough temporal resolution to convey the suprasegmental information in speech sounds even under the condition of severe reduction in spectral resolution.
In summary, the results of a current study show the greater dependence on temporal resolution than to spectral resolution for NVS recognition at higher hierarchical levels of linguistic structure. The increase in temporal dependence for speech materials at higher levels may be explained by the fact that the temporal envelope cues of such materials contain greater amounts of suprasegmental information from the original speech sound.
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